The transforming growth factor-β (TGF-β) signaling pathway exhibits an important role in cancer invasion and metastasis. Excessive expression of TGF-β activates Smad4, leading to the upregulation of downstream metastasis-associated genes. Thus, the inhibition of the TGF-β/Smad4 signaling pathway may be a novel strategy for treatment of cancer metastasis. Baicalein, a flavonoid derived from the root of Scutellaria baicalensis, has been reported to exert strong anti-tumor activity towards various types of cancer. In the present study the effect of baicalein on migration and invasion of cancer cells was evaluated using wound-healing and Transwell assays. In order to investigate the possible molecular mechanisms of the anti-metastatic effects of baicalein, quantitative polymerase chain reaction (qPCR) and western blot analyses were performed to examine the effect on the expression of TGF-β, Smad4, N-cadherin, vimentin, ZEB1 and ZEB2. It was determined that baicalein inhibited the migration and invasion of AGS cells by suppressing the TGF-β/Smad4 signaling pathway. In addition, baicalein treatment reduced the expression of the metastasis-associated N-cadherin, vimentin, ZEB1 and ZEB2, downstream target genes of the TGF-β/Smad4 signaling pathway. Collectively, these results suggest that inhibition of the metastasis of cancer cells via inactivation of TGF-β/Smad4 signaling is one of the mechanisms by which baicalein may treat cancer.
Introduction
Gastric cancer (GC) is one of the most common causes of cancer-related mortality, with >700,000 mortalities worldwide every year (1) . Although the prognosis of early GC is generally favorable, a large proportion of cases of GC are diagnosed in the locally advanced or disseminated stage. Chemotherapy remains an important therapeutic modality for patients with advanced GC. However, due to multi-drug resistance and adverse side-effects, the objective response to conventional treatments is not satisfactory in the majority of patients with metastatic GC. The overall 5-year survival rate of GC patients is only 20-25% (2) . Therefore, more effort must be devoted to developing novel therapeutic or preventive strategies and/or agents that target cancer metastasis.
Transforming growth factor-β (TGF-β) is a multifunctional cytokine that controls a number of different cell functions and regulates several important processes during tumor progression, including proliferation, apoptosis, angiogenesis, invasion, and metastasis (3) . TGF-β exerts a growth inhibition function in premalignant cells, but promotes tumor metastasis in later stages of cancer. Increased expression levels of TGF-β have been detected in numerous types of tumor, including GC, and are correlated with the invasion and metastasis of GC; thus it is a potential marker for the identification of GC patients with a poor prognosis (4) (5) (6) . Furthermore, TGF-β treatment may increase the metastatic potential of the BGC823 and SGC7901 GC cell lines (7) . This suggests that the TGF-β signaling pathway has an important role in cancer invasion and metastasis and that its modulation may be a novel strategy for treatment of GC metastasis.
It has previously been reported that flavonoid compounds may have a potential inhibitory effect on cancer progression (8, 9) . Of these substances, baicalein, a flavonoid derived from the root of Scutellaria baicalensis, exerted strong anti-metastatic activity against various types of cancer cell, including breast (10), skin (11) , bladder (12) , liver (13) and bone (14) cancers. However, the mechanisms by which baicalein exerts its anti-metastatic effects are largely unknown. The aim of the present study was to use the AGS human GC Cell invasion and migration assays. Transwell chambers with a 6.5-mm diameter and an 8.0-µm pore polycarbonate membrane (Corning Life Sciences, New York, NY, USA) were coated with Matrigel (20 µg/insert; BD Bioscience, Bedford, MA, USA) for 6 h to form a basement membrane prior to use. Following treatment with baicalein (25 or 50 µM) for 24 h, the surviving cells were harvested and seeded in the upper chamber at a density of 30,000 cells/well in 200 µl free-serum culture medium. Culture medium containing 10% FBS (600 µl) was added in the lower chamber as a chemoattractant. After incubation for 24 h at 37˚C, all of the non-invaded cells were removed from the upper face of the membrane with a cotton swab. The invaded cells on the lower face of membrane were then fixed for 10 min with 4% paraformaldehyde (Genmed Scientifics, Inc., Arlington, MA, USA) and stained with 0.2% crystal violet for 15 min. Cells that had invaded through the membrane were counted using the inverted microscope (x200 magnification). The general procedure of the migration assay was similar to that of the invasion assay, with the exception that the membranes in each chamber were not coated with Matrigel and the number of cells seeded in the upper chamber was 50,000 cells/well.
Quantitative polymerase chain reaction (qPCR).
Following treatment with baicalein for 24 h, total RNA was extracted from cells using RNAiso reagent (Takara, Dalian, China) according to the manufacturer's instructions. cDNA was synthesized from 1 µg total RNA using an PrimeScript™ RT Reagent kit (Takara). qPCR analysis was performed using SYBR ® Select Master mix (Applied Biosystems, Foster City, CA, USA) with a 7500 Fast Real-Time PCR system with (v.2.0.5 software; Applied Biosystems). The following cycling conditions were used: 40 cycles of 50˚C for 2 min, 95˚C for 2 min, 58˚C for 15 sec and 72˚C for 1 min. The data were analyzed using the 2 -ΔΔCt method and the ABI 7500 PCR system software (Applied Biosystems). The gene expression levels were normalized to GAPDH and presented as a relative fold change compared with the control. All reactions were independently repeated three times and the mean was calculated. The sequences of the primers used are presented in Table I .
Western blotting analysis. After treatment with baicalein for 24 h, the cells were lysed in RIPA buffer (Pierce, Rockford, IL, USA) with Complete Protease Inhibitors and PhosSTOP Phosphatase Inhibitor Cocktail tablets (Roche, Mannheim, Germany). The lysates were then clarified by centrifugation at 4˚C for 15 min at 30,270 x g. The concentrations of the proteins in the supernatants were detected using a BCA Protein Assay kit (Pierce, Rockford, IL, USA). Equal amounts of the proteins were then separated by 10% SDS-PAGE gels and transferred onto the polyvinyl difluoride (PVDF) membranes (Roche). The PVDF membranes were blocked with 3% bovine serum albumin for 1 h and then probed overnight at 4˚C with the primary antibodies listed below. Following three washes with Tris-buffered saline with Tween 20, the membranes were incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. The bands were detected using the Enhanced Chemiluminescent substrate (Pierce, Rockford, IL, USA). The primary antibodies used were as follows: N-cadherin (1:1,000, #MA5-15633; Pierce), Statistical analysis. All experiments were repeated at least three times. Data were presented as the mean ± standard deviation. The differences between groups were analyzed with Student's t-test or one-way analysis of variance using SPSS 19.0 software (IBM, Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Baicalein inhibits the motility of AGS human GC cells.
The effect of baicalein on cell motility was tested by performing a wound-healing assay. Confluent monolayers of cells were scraped to form a wound and then stimulated with 25 or 50 µM baicalein for 24 h. Fig. 1 shows the effect of the treatment with baicalein after 24 h. Treatment with 25 or 50 µM baicalein inhibited the wound width in AGS tissue by up to 45.3 or 64.0% respectively, suggesting that baicalein significantly inhibits AGS cell motility (Fig. 1B) .
Baicalein inhibits AGS cell migration and invasion.
A Transwell chamber coated with or without Matrigel was employed to respectively study the migratory or invasive capacity of AGS cells. As shown in Fig. 2A , the number of cells that migrated or invaded into the lower chamber was significantly reduced by baicalein treatment in a dose-dependent manner. Quantification analysis indicated that treatment with 25 or 50 µM baicalein reduced the migration of AGS by 32.8 and 65.4%, respectively, as well as inhibiting cell invasion by 39.7 and 62.6%, respectively (Fig. 2B) .
Baicalein inhibits the TGF-β/Smad4 signaling pathway in AGS cells.
To investigate the possible mechanisms mediating the anti-metastatic activities of baicalein, qPCR and western blot analyses were performed to examine its effect on the expression of TGF-β and Smad4. The mRNA and protein 
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expression levels of TGF-β and Smad4 were markedly downregulated by baicalein when compared with those of the controls (Fig. 3) .
Baicalein reduces the expression levels of N-cadherin, vimentin, ZEB1 and ZEB2 in AGS cells. Subsequently, the effect of baicalein on the expression levels of metastasis-associated N-cadherin, vimentin, ZEB1, ZEB2 was investigated. These are critical downstream target genes of the TGF-β signaling pathway. As shown in Fig. 4 , baicalein treatment markedly decreased the expression of N-cadherin, vimentin, ZEB1 and ZEB2, at the transcriptional and translational levels.
Discussion
In the majority of GC cases, local invasion and distant metastases are the main causes of treatment failure and mortality. Therefore, there is an urgent requirement to develop novel and more effective strategies for preventing and treating the metastatic stage of this disease. Baicalein, a natural flavonoid extracted from the root of Scutellaria baicalensis, has been considered as a potential anti-metastatic agent for inhibition of cancer cell motility, migration and invasion. It has been demonstrated that baicalein exerts its anti-tumor activities in multiple types of cancer through modulation of multiple signaling pathways (10, 11, 13) . However, the molecular mechanisms by which baicalein exerts its anti-metastatic effects are yet to be elucidated. The present study used the AGS human GC cell line to demonstrate that baicalein was able to inhibit cell motility, migration and invasion. To investigate the molecular mechanism underlying these effects of baicalein on AGS cells, the alteration of TGF-β signaling was analyzed. TGF-β is a multifunctional cytokine with dual roles in cancer progression. In the early stages of cancer, it serves a tumor suppressing function either by inhibiting cellular proliferation or by promoting cellular apoptosis. However, in the later stages of cancer, cancer cells become resistant to the growth inhibitory activity of TGF-β and even overexpress TGF-β, which promotes invasion and metastasis by stimulating cell motility, tumor angiogenesis and inducing immunosuppression. Disruption of the tumor autocrine TGF-β signaling has been found to inhibit metastasis (15, 16) . Among the signaling molecules, Smad proteins exhibit a central role in the manifestation of the biological activities of TGF-β. Smad proteins are classified into three subtypes: Receptor-regulated Smads (R-Smads), common-partner Smads (Co-Smads), and inhibitory Smads (I-Smads). Numerous studies have demonstrated that Smad4, the only Co-Smad in mammals, is essential for TGF-β-induced tumor cell invasion (17) (18) (19) (20) . The present study revealed that baicalein inhibits TGF-β and Smad4 expression at the mRNA and protein levels. Thus, it is possible that baicalein may suppress GC cell invasion and metastasis through the inhibition of TGF-β/Smad4 signaling pathway.
Several studies have shown that TGF-β signaling enhances cancer cell migration and invasion through multiple adhe- (21) (22) (23) . N-cadherin is a calcium-dependent cell adhesion molecule which functions as an invasion promoter in cancer. Expression of N-cadherin renders cells more motile and invasive (24) . Vimentin is a type III mesenchymal filament, a mammalian structural cytoskeletal protein with elevated and aberrant expression that correlates well with upregulated cell invasion and migration in malignancy (25) . ZEB1 and ZEB2 are members of the zinc finger E-box binding transcriptional factor family and have been found to be upregulated in GC. Knockdown of ZEB1 and ZEB2 reduces GC cell migration and invasion (26) (27) (28) .
The downstream signaling targets of TGF-β were investigated in the present study to deduce which were involved in the anti-metastastic effects of baicalein on AGS cells. It was revealed that the expression levels of N-cadherin, vimentin, ZEB1 and ZEB2 in AGS cells were repressed by baicalein treatment, suggesting that baicalein may counteract the invasive and metastatic phenotype partly via TGF-β/Smad4-induced downregulation of N-cadherin, vimentin, ZEB1 and ZEB2.
In conclusion, this study identified that baicalein modulates TGF-β, and Smad4 expression levels, as well as N-cadherin, vimentin, ZEB1 and ZEB2 expression levels, which may have inhibited the motility, migration and invasion of AGS cells. These results suggest that baicalein may be a potential anticancer agent for prevention and treatment of GC metastasis. Further studies in clinically relevant animal models should be conducted to exploit its potential benefits against metastatic GC in future.
